ditions. For example, an increase in temperature increases the motion of the fatty acyl chains and contributes to an extension of the hydrophobic part of the lipid molecule. This explains why several common membrane lipids adopt a bilayer organization at low temperatures, but undergo transition to a hexagonal (H,,) phase when the temperature is raised. Such changes in phase preference may well be relevant for an understanding of the alterations in membrane function caused by temperature variation.
Some membrane lipids can undergo bilayer to non-bilayer transitions under isothermal conditions when they interact with ions or proteins added exogenously. The negatively charged lipids cardiolipin and phosphatidic acid are of particular interest in this respect. When dispersed as their sodium salts they form liposome structures, but this bilayer organization can be converted into an hexagonal phase by addition of external Ca2+. To explore the consequences of such phase preference in mixed membrane systems, the effects of Ca2+ on the barrier properties of large unilamellar vesicles composed of dioleoylphosphatidylcholine containing 20 mol% of dioleoylphosphatidic acid or beef heart cardiolipin have been studied. At low concentrations (a few millimolar) of environmental Ca2+, the presence of the negatively charged lipid permitted a selective translocation of Ca2+ across the membrane. At higher concentrations, a more general increase in ion permeability was found, and above 10 mM-Ca2+ aggregation and fusion of the vesicles could be observed (Smaal et al., 1987) . The results of these experiments suggest that locally induced destabilization of the bilayers as a consequence of permeant-lipid interaction can result in specitic translocation of the permeant molecule. This fact may have a more general significance for membranes. In addition, the finding that peptides and proteins can also modulate lipid organization in a protein-and lipidspecific manner has been taken as an indication that local formation of non-bilayer lipid organization can play an important role in membrane insertion and translocation of proteins (Rietveld & De Kruijff, 1986 ).
The Na+,K+-ATPase or sodium pump (EC 3.6. 1.37) is the only ion pump equipped with a receptor. This extracellular receptor interacts with cardiac glycosides as well as with an endogenous inhibitor isolated from beef hypothalamus (Haber & Haupert, 1987) . Five genes, located on three different chromosomes, have been described so far for the asubunit isoforms of Na+,K+-ATPase (Kent et al., 1987; Shull & Lingrel, 1987; Sverdlov et al., 1987) which are associated with a /3-glycoprotein of about 300 amino acids and three to four Winked sugar chains (Noguchi et al., 1986; Shull et a[., 1986) . Multiple mRNAs for the /3-subunit have also been isolated (Young et al., 1987) .
The intracellular sites for ATP hydrolysis and phosphorylation, as well as the intra-and extra-cellular sites for ion binding and translocation, and the extracellular receptor have all been localized on the a-polypeptide (Zampighi et al., 1984; Ball, 1986; Farley et al., 1986; Lee & Fortes, 1986) . Despite this spatial separation, the phosphorylation/ dephosphorylation, translocation and receptor functions are tightly coupled by a still undetermined transmembrane and long-distance coupling mechanism.
To study this coupling mechanism, we are using sided liposome preparations containing pure, functional Na Here, we show results of studies combining the ultrastructural analysis of Na+ ,K+-ATPase liposomes with functional measurements of their permeability, active transport and receptor occupancy.
EfSect of Nu+, K + -ATPase on liposome structure and permeability Fig. l ( a ) shows the freeze-fracture appearance of protein-free liposomes formed with phosphatidylcholine (PC) by a cholate-dialysis procedure (Anner & Moosmayer, 198 1 ) . These liposomes are widely variable in shape and do not contain particles. These characteristics are in marked contrast with those seen after incorporation of functional Na+ ,K+ -ATPase molecules on liposome structure (Anner, liposomes are more homogeneous in shape (most of them being more spherical) than the protein-free liposomes. At present, there is no explanation for the ordering effect of Na+ ,K+-ATPase molecules on liposome structure (Anner, 1 9 8 5~) . Fig. 2 demonstrates that this ultrastructural change is paralleled by an increased permeability. Whereas the protein-free PC liposomes are virtually impermeable to Na+ and Rh + , those containing transport-active Na+ ,K + -ATPase are much more permeable to these ions. Thus, after incorporation of the pump, the flux rates for Rb' and Na+ are increased 100-fold and 40-fold, respectively (Anner, 198 1 ) . (a) Protein-free liposomes were formed by dissolving a thin film of 2 0 mg of purified cgg PC, formed as previously described (Anner & Moosmaycr, 1981) , in 1 ml of a solution containing 50 mM-NaCl, 50 mM-RbC1, 5 mM-MgCl?, 30 mM-histidine, 1 mMTris/EDTA and 23 mM-sodium cholate, pH 7.10 (lipid solution). The lipid solution was diluted 1 / 1 with 100 pl of the same solution without lipid (cholate solution). Cholate was removed by dialysis for 18 h at 0°C with vigorous stirring. The liposomes were sedimented by centrifugation at 100000 rev./min at 0°C in an Airfuge for 90 min, fixed immediately with 2.5% (v/v) glutaraldehyde in 0.1 M-phosphate buffer (pH 7.4) and processed for freeze-fracture. Within one preparation, protein-free liposomes are rather variable in shape and size and do not contain protein particles.
( h ) Protein-containing liposomes were prepared as described in ( a ) , except that 300 pg of purified rabbit kidney Na+,K+-ATPase was added first to 100 pl of cholate solution, centrifuged at 100 000 rev./min in an Airfuge at 0"C, and then added to 100 pI o f the lipid solution. Most of these liposomes show a regular spherical shape and contain protein particles. Magnification is 95 3000 for ( a ) and ( h ) .
Fig. 2 also shows that, in the presence of reconstituted Na+,K'-ATPase and at equal bilateral NaC1 and RbCl concentrations ( 5 0 mM each), the amount of Na' entrapped is less than that of Rb'; in contrast, the protein-free lipid membrane does not show such discrimination.
Vectorial paratneter.s of Nu' K + -A TPase expressed in liposotnes
Cholate-dialysed Na + ,K'-ATPase liposomes have been described by Slack et al. (1973) and shown to be able to catalyse active transport in the presence of external ATP by Goldin & Tong ( 1974) and by Hilden et a/. ( 1974) . The effect of reconstituted Na',K+-ATPase on liposome size and permeability to Na+ and K', or its substitute Rb', is shown schematically in Fig. 3( a) . Detailed statistical analysis of electron micrographs of freeze-fractured Na+,K +-ATPase liposomes, prepared with various lipid/protein ratios, revealed a random orientation of the ATPase molecules in cholate-dialysed preparations ( Anner et al., 1984) . Fig. 3(6) illustrates the activation of the 50% inside-out oriented Na+,K'-ATPase population by external ATP, leading to the complete extrusion of the internal K+ or Rb+ pool and its substitution by an equal or higher amount of Na' (for review see Anner, 19856) .
That Na+ accumulation in the liposomes is an electrogenic process was shown (Fig. 3 6 ) by measuring the ATPinduced thiocyanate accumulation (Dixon & Hokin, 1980) . Fluorescent potential probes are also sensitive indicators of the positive electrical current accompanying the Na+ flux (Apell et a/., 1985) . Partial cleavage of the a-subunit by trypsin has revealed that the barrier function of the pump molecules decreases with its capacity to perform active transport (Anner, 1983 and Fig. 36 ).
VOl. 16 Fig. 3( c) shows the second generation of Na+,K+-ATPase liposomes. Based on the average liposome diameter, the frequency and orientation of Na+,K+-ATPase as assessed from ultrastructural work (Anner et a/., 1984) , and the turnover of liposome-associated enzyme under specific ligand conditions, we designed a system in which both the 50% inside-out and the 50% right-side-out oriented Na+ ,K
+ -
ATPase populations perform active transport in sequence (Rey et a/., 1987; Anner et a/., 1987) . By a rapid detcrgentremoval procedure involving cholestyramine resin, we prepared liposomes containing ATP at 0"C, in the absence of K' or Rb'. Linear active Rb' accumulation was started by adding suboptimal concentrations (5-10 p~) of RbCl to the external medium. The accumulated Rb+ ions then drive the inside-out pumps upon addition of external ATP and inhibition of the right-side-out pumps by addition of external ouabain (Fig. 3c) .
As illustrated in Fig. 3(c) , this system was used to determine the permeability of ATP-filled Na+ ,K+ -ATPase liposomes to cardiac glycosides by testing what proportion of right-side-out or inside-out oriented pumps were inhibited, as a function of time (Rey et al., 1987) . In the ATP-filled liposomes, the receptor sites of the right-side-out oriented Na+,K+-ATPase molecules are exposed to the external medium (Fig. 3c) and can bind, within seconds, the hydrophilic drug ouabain. At 100 pwconcentration, the glycoside blocks immediately and completely the active accumulation of Rb+ without penetrating the liposomes, as the inside-out oriented pumps are still activated by external ATP (Rey et uf.,  1987) . Conversely, the hydrophobic drug digoxin blocks the right-side-out pumps immediately and, within 1 min incubation, the inside-out pumps, since digoxin rapidly permeates the lipid bilayer (Rey et a/., 1987). 
-ATPase liposomes
At time zero, carrier-free "Rb+ or ??Na+ was added to aliquots of liposomes prepared as described above. After incubation at 25°C for the times indicated, 4 pl of liposomes was layered on the gel-filtration columns and eluted as described in Anner & Moosmayer (1981) . Na+, 0 , m; Rb', 0 , 0 ; open symbols, PC liposomes; closed symbols, Na+,K+-ATPase liposomes.
for cardiac glycosides. In fact, we observed that the unbound drug is washed free of the liposomes by the gel-filtration procedure at 0°C that is used to determine the entrapped isotope in the transport experiments (Rey et a [., 1988) .
Single Nu', K

+ -A TPuse molecules in liposomes
In unreconstituted Na + ,K ' -ATPase preparations, as many as 19 000 molecules/pm' are clustered (Haase & Koepsell, 1979) . Liposomes offer the unique possibility of separating the Na',K+-ATPase molecules by varying the lipid/protein ratio used for reconstitution.
The specific binding of tritiated cardiac glycosides to the Na + ,K + -ATPase receptor can then be visualized by autoradiography of freeze-fractured Na+ ,K+ -ATPase liposomes containing receptors labelled by tritiated glycosides (Rey et al., 1988) .
Liposomes containing a defined number of reconstituted Na + ,K + -ATPase molecules are also a unique tool for bilayer experiments. When liposomes containing, on average, one pump were added to the cis solution of a bilayer together with excess Na+, a single channel with a conductance of 40-50 pS appeared. In contrast, when unreconstituted Na+,K+-ATPase preparations were used for the same experiments, clustered channels appeared with 270 pS conductance steps (Last et al., 1983) , reflecting the interaction of Na+ , K + -ATPase molecules at high protein densities.
Liposomes as u unique tool for defining the structural basis of active transport
About half the molecular mass of Na+,K+-ATPase is constituted by lipids. The influence of this lipid component on the ATPase activity and in particular the specific requirement for a minimal amount of negatively charged phospholipids, has been investigated in much detail (reviewed by Roeloefsen, 1981) . Lipid removal by detergents leads to the separation of the a-and B-subunits and to loss of the enzyme K' Fig. 3 . Schematic view of liposorne models used it1 the study of Nu', K + -A Tl'ase ( a ) Comparison of the structure and permeability of proteinfree and Na+,K+-ATPase liposomes. The incorporation of functional reconstituted pump molecules increases the permeability to Na+,K+ and Rb'. The resulting P,/P,, ratio is close to 3 and is 40-100 times larger than in protein-free liposomes. ( b ) Active transport mediated by the 50% insideout oriented Na+,K+-ATPase pumps in the presence of external ATP. The positive electrogenic effect of the Na' transport can be followed by the concomitant accumulation of thiocyanate anions. Transport-structure relationships can be established by selective trypsin cleavage during active transport. (c) Na+,K+-ATPase liposomes of the second generation in which the 50% inside-out and the 50% rightside-out oriented pumps are activated in sequence by sided addition of ATP and cardiac glycosides. In these liposomes, both the intra-and extra-cellular protein components of actively transporting molecules are exposed, so that the side of action of drugs and inhibitors can be studied in a single preparation. Furthermore, the permeability of drugs can be assessed simultaneously by measuring the time required to affect the active sites exposed internally. activity. It is also known that the lipid environment influences the ouabain sensitivity (Abeywardena et al., 1984) and that isoenzymes with different ouabain sensitivities display distinct phospholipase sensitivities (Matsuda & Iwata, 1986) . With regard to lipid effects on transport, it has been shown recently that the pumping rate of reconstituted Na+,K+-ATPase depends on the acyl chain length of the PC used to form the liposomes (Marcus et al., 1986) .
Although useful for measuring the pump function, cells or vesicles made of native membranes are not appropriate for establishing structure-function relationships since they contain a wide variety of proteins and lipids. On the other hand, crystallization experiments provide valuable information about the structure of polypeptides. However, the lipid that is essential for the transport function of the enzyme has to be removed, e.g. using phospholipases (Mohraz et al., 1 987), since it prevents the protein-protein interactions required for crystal formation. Thus, one of the most promising advantages of the use of liposomes in the study of Na+.K+-ATPase transport structure relationships is the possibility of analysing and varying the lipid component of the pump.
Liposomes have already been used for gene transfer in vitro in eukaryotic cells in culture (Wong et a/., 1980) . However, the efficiency of this procedure does not exceed that o f other methods, such as calcium phosphate precipitation or treatment with DEAE-dextran (Fraley et al., 1979 (Fraley et al., , 1980 Schaefer-Ridder et al., 1982) . Although liposomes may provide an attractive alternative with cells that are refractory to gene transfer using other methods, the greatest potential for liposome-mediated gene transfer seems to lie in its applications in vivo, in particular in adult animals. Intravenous injection in rats of a recombinant plasmid containing the rat preproinsulin I gene encapsulated in large liposomes has indeed led to the transient expression of this gene in the liver and spleen of the recipient animals (Nicolau et a/., 1983) . A significant fraction of the expressed hormone was in its physiologically active form, as demonstrated by its effect on the blood glucose level of the inoculated animals.
Some of the more significant experimental features of this work will be presented in the following pages. This work has been already reviewed (Cudd & Nicolau, 19 Vol. 16 -a/.. 1987) so that only the more salient facts will be presented here.
On the other hand erythrocytes have increasingly been used as a potential drug delivery system in humans (see for reviews DeLoach & Sprandel, 1985; Ropars et al. 1987) . The specific properties of erythrocytes, including their long life-span in the circulation, confer on this system some capabilities which liposomes do not have. but, at thc same time, they put a number o f constraints on these carriers. A few of these will be discussed below.
Liposomes as carritm of genetic material in v i i~)
Liposome distribution in vivo. To determine the location of the large phosphatidylcholine/phosphatidylserine/ cholesterol (phospholipid) liposomes in the rat, liposomes encapsulating I I 'In-labelled bleomycin were prepared. Controls were injected with free ' "In-labelled bleomycin and free I 'InCI,. Visualization of the organ distribution of liposome-encapsulated ' 'In-labelled bleomycin by extcrnalcamera imaging shows that between the injection time and 20 min later, a rapid intensive uptake by the liver and spleen of liposome-entrapped I I 'In-labelled bleomycin occurred (Nicolau et a/., 1983) . A weak urinary elimination was also observed. By 6 h after injection the liposome organ distribution had changed only slightly. The radioactivity in the bladder was probably due to destruction of the liposomes in the liver and concomitant release of the label.
